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Abstract: Background: Myocardial infarction (MI) is known worldwide for its important disabling features, including

myocarditis and cardiomyocyte apoptosis. It is believed that microRNA (miRNA) has a role in the cellular processes

of apoptosis and myocarditis, and miR-219a-5p has been found to suppress the inflammatory response. However,

unknown is the precise mechanism by which miR-219a-5p contributes to MI. Methods: We measured the expression

of miR-219a-5p and evaluated its effects on target proteins, inflammatory factors, and apoptosis in a mouse model of

MI. Echocardiography was utilized to examine the MI clinical index, and triphenyl tetrazolium chloride staining was

employed to analyze the infarcted region. Enzyme-linked immunosorbent assay and Western blotting measured

serum and molecular markers in heart tissues. To quantify the association with miR-219a-5p and ATPase

sarcoplasmic/endoplasmic reticulum Ca2+ transporting 2 (ATP2A2), the luciferase activity assay and Pearson’s

correlation analysis were employed. Results: MiR-219a-5p exhibited low expression in a mouse model of MI, and its

amplification prevented both apoptotic and inflammatory reactions. Specifically, miR-219a-5p targeted ATP2A2.

Conclusion: In a mouse model of MI, miR-219a-5p exerted a potent protective effect via direct targeting of ATP2A2.

Introduction

Globally, myocardial infarction (MI) is a prevalent
cardiovascular ailment. Its rates of illness and death are
currently rising because of genetic diversification; therefore,
MI significantly endangers human health [1–3]. MI
increases the abundance of oxygen-free radicals and causes
calcium overloading, aggravating apoptosis, with the clinical
manifestations including deterioration of cardiac function,
ventricular remodeling, arrhythmia, and expansion of the
infarcted area [4]. A previous study showed that MI-
induced pathological changes, such as ventricular
remodeling and heart failure, involve cardiomyocyte
apoptosis and inflammation, which are the leading causes of
MI progression and poor prognosis [5].

MicroRNAs (miRNAs) are non-coding single-stranded
small RNAs composed of 19–25 nucleotides and are
tissue-specific [6,7]. MiRNAs have an irreplaceable function
in the development of cardiovascular diseases, and elevated
levels of some extracellular miRNAs (miR-1, -133a, -208a,

-208b, -499) can be used as early clinical biomarkers of
acute MI [8–11]. MiR-219a-5p was recently shown to
promote oligodendrogenesis [12] and suppress osteosarcoma
[13]. Moreover, the study revealed that miR-219a-5p
suppressed the inflammatory response [14]. Nevertheless, to
date, no research has been done to assess the mechanism
underlying miR-219a-5p’s role in MI.

ATP2A2 encodes cardiac sarcoplasmic/endoplasmic
reticulum calcium-ATPase 2a (SERCA2a), which modulates
intracellular calcium handling. Therefore, it possesses a
crucial role in cardiac contraction and relaxation. One study
stated that ATP2A2 downregulation was accompanied by
atrial systolic dysfunction [15]. Numerous miRNAs have
been discovered to target ATP2A2, according to earlier
research. MiR-200c-3p negatively regulates ATP2A2 and
promotes the progression of thyroid carcinoma [16].
Moreover, miR-25 targets ATP2A2 to regulate cardiac
function during heart failure [17]. However, there has never
before been any research done on the relationship between
miR-219a-5p and ATP2A2. Therefore, we intend to use a
mouse model of acute myocardial infarction to explore the
significance of this pathway.

We hypothesized that miR-219a-5p would alleviate MI
in mice and may reduce the inflammatory response and
apoptosis by targeting ATP2A2 and that miR-219a-5p would
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show potential as a possible therapeutic target for MI in our
research. We suggest that the pathophysiology of MI may
involve the miR-219a-5p/ATP2A2 axis, providing
preliminary evidence for the identification of additional MI-
targeted treatments.

Materials and Methods

Experimental animals
Beijing Vital River Animal Co. Ltd. (Beijing, China) provided
adult male BALB/c mice, weighing 23–27 g and 6–8 weeks of
age. The mice were housed in a standard environment for
1 week before the experiment. The Zhongda Hospital Ethics
Committee, affiliated with Southeast University, approved
the protocol.

Group allocation
The mice were split into four groups of six mice each at
random and were anesthetized via 3% pentobarbital sodium
(80 mg/kg) and linked to the ventilator (110 bpm) followed
by endotracheal intubation. Mice in the sham group
received a 50 µL saline injection in the left ventricular apex,
followed by thoracotomy without ligation. Mice in the MI
group received a 50 µL saline injection in the left ventricle,
followed by the establishment of MI. Mice in the MI +
agomiR negative control (NC) group were injected with
50 µL agomiR NC (400 nmol/kg) in the left ventricular
apex, and the MI model was established 1 day later. Mice in
the MI + agomiR-219a-5p group were injected with 50 µL
agomiR-219a-5p (400 nmol/kg) in the left ventricular apex,
and the MI model was established 1 day later. The miRNA
agomiR (RiboBio, Guangzhou, Guangdong, China) were
chemically modified, double-stranded miRNA mimics with
the same sequence as the miRNA of interest and with
improved stability and transfection efficiency.

MI model establishment
By clamping down on the left anterior descending (LAD)
artery, the MI model was created [18]. The surgery was
performed in the right lateral recumbent position. Using
ophthalmic and micro scissors, the chest was sliced in the
axilla of the left forelimb, between the third and fourth ribs,
revealing the entire heart. The pericardial sac was cut with
microsurgical forceps to fully expose the LAD artery. Then,
LAD artery blood flow was completely blocked with a 7–0
needle suture. After ligation, the chest was completely closed
with a 6-0 suture, and the muscles and skin were stitched
from the innermost to the outermost layer.

Triphenyl tetrazolium chloride (TTC) staining
The left ventricular samples were taken once after MI
establishment, washed with saline at a temperature of 4°C,
dried, and frozen at −20°C for 15 min. The tissues were
sliced into 1-mm-thick sections, followed by staining with
1% TTC (T8170, Solarbio, Beijing, China) for 15 min. After
TTC staining, the normal area was red, the infarct area was
white, and the edges were brick red. The infarct size was
determined as a proportion of the total left ventricular mass
utilizing Image ProPlus 5.0 (Media Cybernetics, Rockville,
MD, USA).

Enzyme-linked immunosorbent assay (ELISA)
The supernatant of the serum and the left ventricular samples
from each group were analyzed for markers of MI, including B-
type natriuretic peptide (BNP) and cardiac troponin T (cTnT),
as well as inflammatory factors, including interleukin-6 (IL-6),
tumor necrosis factor-α (TNF-α), and interleukin-1β (IL-1β)
following the ELISA kit manufacturer’s instructions. We
bought the ELISA kits from Elabscience (E-EL-M0204c,
E-EL-M1801c, E-EL-M0044c, E-EL-M3063, E-EL-M0037c;
Wuhan, Hubei, China).

Echocardiography
The high-frequency Vevo 2100 ultrasound system was used to
analyze the cardiac structure (VisualSonics, Toronto,
Canada). The mice were put under anesthesia and subjected
to two-dimensional echocardiographic measurements. The
results involved left ventricular ejection fraction (LVEF), left
ventricular end-diastolic diameter (LVEDD), and left
ventricular fractional shortening (LVFS), which were
checked over three cardiac cycles.

Luciferase reporter assay
Following the seeding of HEK293T cells into 96-well plates, 50
nM atomic miR-219a-5p/NC (RiboBio, Guangzhou, China)
and 5 ng wild-type (WT)/mutant (MUT) ATP2A2 vectors
were co-transfected with the aid of Lipofectamine 2000
(11668030, Thermo Fisher, Waltham, MA, USA). 24 h after
transfection, the fluorescence activity of the cells was
assessed through the use of a dual luciferase reporter assay
(Promega, e1910, Madison, WI, USA).

Terminal deoxynucleotidyl transferase dUTP nick-end-labeling
(TUNEL) assay
Apoptosis was measured in paraffin-embedded cardiac tissues
by the TUNEL BrightRed Apoptosis Assay Kit (Vazyme,
A113-01, Nanjing, Jiangsu, China) following the
manufacturer’s instructions. After washing in phosphate-
buffered saline, 4′,6-diamidino-2-phenylindole (DAPI)
(Thermo Fisher, D1306) was used to counterstain the
sections. The slides were examined by confocal microscopy
(Zeiss, LSM700, Oberkochen, Germany). Both the total
and apoptotic cell counts were determined. The ratio of
apoptotic cells to total cells indicated the percentage of
apoptotic cells.

Western blotting
Protein in the heart tissues from each group of mice was
quantified using bicinchoninic acid protein quantitation kits
(23227, Thermo Fisher) and isolated by 10% polyacrylamide
gel electrophoresis. After the protein was transferred, 5%
non-fat milk was used to seal the polyvinylidene fluoride
membranes (Millipore, Burlington, MA, USA) for a
duration of two hours at room temperature. This was
followed by a 12-h incubation with primary antibodies
against apoptosis-related proteins, inflammatory factors, and
SERCA2a at 4°C. The membranes were treated with
secondary antibodies for an hour at a temperature of 37°C.
The bands were examined through a fluorescent Western
blotting kit (K-12045-C20, Advansta, Menlo Park, CA,
USA). The source of all antibodies, which included primary
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antibodies against total caspase-3 (1/2000, ab184787), IL-6 (1/
1000, ab290735), Bcl-2 (1/2000, ab182858), cleaved caspase-3
(1/5000, ab214430), TNF-α (1/1000, ab183218), Bax (1/1000,
ab32503), IL-1β (1/1000, ab254360), and GAPDH (1/8000,
ab181602), as well as the secondary antibody (1/1000,
ab96899), was Abcam (Cambridge, UK). The gray values
were measured through ImageJ software 1.8.0 (National
Institutes of Health, Bethesda, MD, USA), and the relative
protein concentration was computed by dividing the target
gray value by the GAPDH protein band’s gray value.

Quantitative real-time polymerase chain reaction (qRT-PCR)
Using Trizol (R411-01, Vazyme), total RNA was taken out of
heart tissues and serum. RNA was converted into
complementary DNA by reverse transcription utilizing the
universal RT-PCR kit (RP1105, Solarbio, Beijing, China)
and the TaqMan MicroRNA Reverse Transcription Kit
(4366596, Thermo Fisher). Sangon Biotech (Shanghai,
China) provided the miR-219a-5p, ATP2A2 mRNA, and U6
primers. U6 acted as an internal control to standardize the
2−ΔΔCT method, which was employed to quantify target gene
expression. All primers were mouse, and the primer
sequences are shown in Table 1.

Statistical analysis
The statistical analysis was conducted using SPSS 21.0 and
GraphPad Prism 9.0.0 (GraphPad Software Inc., San Diego,
CA, USA). The results are presented as the mean ± standard
deviation. Pearson’s correlation coefficient was generated for
the correlation analysis. Utilizing a one-way analysis of
variance the information was contrasted among groups. The
variation for the two groups was assessed using the t-test. p
values less than 0.05 were regarded as statistically significant.

Results

MiR-219a-5p was lowly expressed in the MI mouse model
MiRNA-seq data of GSE24591 was obtained from the Gene
Expression Omnibus database. The data sample obtained
from GSE24591 unveiled that miR-219a-5p had low
expression in patients with MI (Fig. 1A). Therefore, we
created mouse models of MI and divided them into four
groups: sham, MI, MI + agomiR NC, and MI + agomiR-
219a-5p (n = 6 per group). On days 1, 4, 7, and 14 after the
MI model establishment, the level of miR-219a-5p decreased
compared with the sham group in the serum (Fig. 1B).
Similarly, in heart tissues, the MI group expressed less

miR-219a-5p than the sham group did; however, the MI +
agomir miR-219a-5p group showed significantly higher
levels of miR-219a-5p when contrasted to the MI + agomir
NC group (Fig. 1C). These outcomes revealed that miR-
219a-5p expression was downregulated in MI.

MI was notably impaired by miR-219a-5p overexpression
The TTC staining results showed that in the MI + agomiR-
219a-5p group, the infarction area was smaller than it was
in the MI + agomiR NC group (Fig. 2A). This result was
reflected in the myocardial index changes, where the MI +
agomiR-219a-5p group had lower BNP, heart weight/body
weight ratio (HW/BW), and cTnT than the MI + agomiR
NC group (Fig. 2B–D). As shown on echocardiography, the
LVEDD of the MI + agomiR-219a-5p group was smaller
than the one of the MI + agomiR NC group, easing the
trend of ventricular enlargement. Meanwhile, LVEF and
LVFS changes in the MI + agomiR-219a-5p group showed
that left ventricular systolic function remained within the
normal range even after establishing MI (Fig. 2E). These
outcomes revealed that miR-219a-5p overexpression notably
relieved MI.

MiR-219a-5p protected the myocardium by controlling
apoptosis
We assessed agomiR-219a-5p’s function in MI-affected mice.
The proteins linked to apoptosis were evaluated in each of the
four groups using western blotting. Bcl-2 was remarkably
upregulated by overexpression of miR-219a-5p, suppressing
cytotoxin-induced death of cardiomyocytes. Bax and cleaved
caspase-3 were downregulated after miR-219a-5p elevation,
suppressing procedural apoptosis of cardiomyocytes
(Fig. 3A). In addition, TUNEL staining showed that after
the overexpression of miR-219a-5p in cardiomyocytes, the
rate of positive apoptotic cells decreased significantly
(Fig. 3B). These outcomes implied that miR-219a-5p
regulated apoptosis to protect the myocardium.

The inflammatory response was reduced by miR-219a-5p in
mice with MI
We explored how miR-219a-5p impacted the inflammatory
response in mice with MI. Western blotting was used to
quantify the levels of inflammatory factors (IL-6, TNF-α,
and IL-1β) in cardiac tissues. Compared with the sham
group, the MI group showed that all of these inflammatory
factors had substantially greater levels. The level of these
inflammatory markers was downregulated in the MI +
agomir-219a-5p group, with levels comparable to the sham

TABLE 1

The sequences of primers

Name Forward (5′-3′) Reverse (5′-3′)

miR-219a-5p GCCGAGTGATTGTCCAAACGCA CTCAACTGGTGTCGTGGA

ATP2A2 TACTTCTGTTATCTGCTCAGAC CTGTCCAGAATGAACATCCT

U6 GGATCAATACAGAGCAGATAAGC CTTTCTGAATTTGCGTGCC
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group, when contrasting the MI + agomiR NC group to the
MI + agomiR-219a-5p group (Fig. 4A). The serum level of
these inflammatory factors was also measured through
ELISA. Consistent with the Western blotting results, ELISA
also demonstrated that the inflammatory factors
concentration in the MI group was higher than that in the
sham group, and the inflammatory factors concentration in
the MI + agomir-219a-5p group showed lower levels
compared with the MI + agomir NC group (Fig. 4B).

ATP2A2 mRNA and SERCA2a were directly targeted by miR-
219a-5p
The ATP2A2 mRNA and SERCA2a protein expression was
elevated in MI-affected mice, while it was downregulated in
the MI + agomiR-219a-5p group according to qRT-PCR
and Western blotting (Fig. 5A). Thus, we postulated that
miR-219a-5p can control the expression of ATP2A2.
Utilizing bioinformatics software, the targeted connection
between miR-219a-5p and ATP2A2 was examined.
TargetScan (https://www.targetscan.org/vert_72/, accessed
on 10 May 2024) projected that miR-219a-5p and ATP2A2
would bind together (Fig. 5B). The results of relative
luciferase activity demonstrated that overexpression of miR-
219a-5p inhibited ATP2A2-WT luciferase activity (Fig. 5C).
Pearson’s correlation analysis revealed that miR-219a-5p
was negatively related to ATP2A2 expression in the MI
group (p < 0.05) (Fig. 5D). The above findings indicated
that miR-219a-5p could target ATP2A2.

Discussion

MI is an ischemic heart disease in which cardiomyocytes
become damaged and die because of local blood supply
interruption in the heart. The high mortality and incidence
rates of MI are major global health concerns [19,20].

Numerous investigations have demonstrated the
significant regulatory functions miRNAs play in the
pathophysiology of MI, especially cell apoptosis [21,22].
Microarray analyses of cardiac samples from patients with

MI [23,24] have shown that miR-106b suppresses
cardiomyocyte apoptosis through suppression of p21
expression [25]. There is also a report indicating that in
models of ischemia or anoxia, miR-21 and miR-146a
together repress cardiomyocyte apoptosis. The combined
injection of agomiR-21 and agomiR-146a decreased the
infarction area and increased LVEF and LVFS to normal
values [26]. Previous studies have also shown that
inflammation and apoptosis are the major factors
underpinning cardiomyocyte dysfunction [27–29]; therefore,
they may be beneficial targets for MI treatment. In our
study, we assessed the effect of miR-219a-5p on the
inflammatory response and apoptosis. We found that miR-
219a-5p overexpression suppressed the inflammatory
response and cardiomyocyte apoptosis in mouse models of
MI, protecting the myocardial tissues from MI and
promoting cardiac function.

ATP2A2 encodes SERCA2a, which facilitates the
contraction of cytoplasmic centroid myocytes and the
uptake of calcium back into the sarcoplasmic reticulum [30].
Cardiac contractility and relaxation are governed by
SERCA2a activity, which has an impact on cardiac function
[31,32]. Following MI, one of the main factors of cardiac
cell death is an imbalance in calcium homeostasis, and the
SERCA2a protein is crucial for controlling this homeostasis.
Furthermore, ATP2A2 gene treatment has just lately become
a viable therapeutic alternative [33,34]. Our results found
that ATP2A2 served as the target gene of miR-219a-5p.
MiR-219a-5p protected the myocardial tissue from MI by
sponging its target gene ATP2A2. Consequently, we
speculate that miR-219a-5p may affect the calcium
homeostasis of cardiomyocytes by targeting ATP2A2,
thereby regulating cardiomyocyte apoptosis and the
inflammatory response. However, the control of this process
involves numerous signaling channels, necessitating further
exploration in the future. This finding increases the
understanding of miRNAs in the context of MI and has the
potential to be used in the future for the treatment of
patients with MI. However, to validate the results, further

FIGURE 1.MiR-219a-5p was lowly expressed in mouse models of MI. (A) The GSE24591 dataset from the GEO database performed the miR-
219a-5p level. (B) On days 1, 4, 7, and 14, the level of miR-219a-5p in the serum was assessed through qRT-PCR (n = 6 mice per group). (C)
The relative expression of miR-219a-5p was measured by qRT-PCR in the heart tissues of mice in each group (n = 6 mice per group). *p < 0.05,
***p < 0.001.
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clinical analysis and additional samples are needed to measure
the function and mechanism of miR-219a-5p in MI.

In addition, miR-219a can target and regulate a variety of
mRNAs in the cardiac field. The starBase database predicts the
interaction between calcium/calmodulin-dependent kinase II
delta (CAMK2D) and miR-219a, and a study showed that

the cardiac myosin light chain is phosphorylated by
CAMK2D for the treatment of heart failure [35]. The
miR-219a/melanoma 2/Toll-like receptor 4/myeloid
differentiation factor 88 axis regulates cardiomyocyte
apoptosis in myocardial ischemia–reperfusion injury [36].
This evidence suggests that miR-219a not only targets

FIGURE 2.MiR-219a-5p improved MI in mice. (A) Transverse sections of TTC-stained hearts from the four groups of mice and the analysis
of the infarcted area. The red arrows represent the area of myocardial infarction. (B) ELISA was applied to determine the amount of BNP in the
serum of the mice from each of the four groups. (C) The HW/BW of the four groups is shown. (D) ELISA was performed to assess the
content of troponin T in the serum of the mice in each of the groups. (E) LVEDD, LVEF, and LVFS were measured by echocardiography.
Scale bar = 1 mm. n = 6 per group. ***p < 0.001.
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FIGURE 3. MiR-219a-5p reduced apoptosis in heart tissues from mice with MI. (A) The expression of apoptosis-related proteins (cleaved
caspase-3, total caspase-3, Bax, and Bcl-2) in heart tissues from mice in the four groups were assessed through Western blotting. (B) The
TUNEL assay was carried out to measure the apoptosis rate of cardiomyocytes in the four groups. n = 6 per group. Scale bar = 40 µm.
***p < 0.001, ****p < 0.0001.

FIGURE 4.MiR-219a-5p reduced inflammation in the heart tissues of mice with MI. (A)Western blotting of inflammatory factors and protein
quantification of these factors in heart tissues from the four groups of mice. (B) Serum concentrations of the inflammatory factors were
measured through ELISA. n = 6. *p < 0.05, **p < 0.01, ***p < 0.001.

1374 ZULONG SHENG et al.



ATP2A2 but it also participates in related pathways in
cardiomyocytes and is widely regulated. Therefore, in the
future, we must take into account miR-219a’s adjuvant and
compensating effects in the regulation of MI.

Conclusion

MiR-219a-5p suppressed the inflammatory response and
cardiomyocyte apoptosis by directly inhibiting the
expression of ATP2A2 to relieve MI in mice, thus protecting
cardiac function. These outcomes suggest that miR-219a-5p
may represent a novel MI-regulating component. However,
whether this regulatory network of miR-219a-5p in MI is
appropriate for clinical use still needs further exploration.
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